The evolutionary breakdown of tristyly to predominant self-fertilization in Eichhornia paniculata (Pontederiaceae) is associated with the spread and fixation of floral variants of the mid-styled morph (M) with modified short-level stamens. Reduced stigma-anther separation in the variants results in a high degree of self-fertilization. To investigate if the genetic basis of mating-system modification differs among floral variants from different parts of the geographical range of the species we performed controlled crosses on genotypes from six populations from N.E. Brazil and Jamaica. Measurements of floral traits in self and F1 crosses grown under uniform glasshouse conditions demonstrated that the gene(s) modifying stamen position in the M morph are largely recessive, have no apparent phenotypic effects on other floral characters and are only expressed in the M morph. Crosses between modified genotypes from northern and southern parts of N.E.
Introduction
Mating patterns in plant populations are governed by complex interactions between floral traits and ecological factors affecting pollen dispersal. In self-compatible species the relative positions of female and male reproductive organs within a flower can have important consequences for levels of self-and cross-fertilization (e.g. Ennos, 1981; Barrett & Shore, 1987) . Theoretical models of mating-system evolution generally indicate that the genetic architecture of floral traits influencing mating patterns will have an important influence on the dynamics of mating system change (Fisher, 1941; Lande & Schemske, 1985; Campbell, 1986; Charlesworth & Charlesworth, 1990; Holsinger, 1992; Latta & Ritland, 1993) . In these models, workers have usually investigated the effects of a single modifier locus on the evolution of the selfing rate. It remains unclear, however, how common major gene control of floral traits with significant effects on the mating system *Correspondence 433 in self-compatible species may be, primarily because relatively few studies have investigated the genetic basis of variation in style and stamen positioning within wild plant populations.
Most studies that have reported genetic data on floral traits have revealed complex patterns with quantitative inheritance and often significant environmental effects (Breese, 1959; Moore & Lewis, 1965; Schoen, plants involve the breakdown of heterostylous breeding systems to predominant self-fertilization via homostyle formation (Mather, 1950; Ernst, 1955; Dowrick, 1956; Baker, 1966; Charlesworth & Charlesworth, 1979; Shore & Barrett, 1985) . The origin of selfing homostylous phenotypes, through recombination in the supergene that governs the polymorphism, represents one of the few cases in plants of a quantum change in the mating system known to be brought about by a simple genetic change (Baker, 1959; Barrett, 1989) .
In tristylous plants, the evolution of self-fertilization
by homostyle formation appears to involve genetic mechanisms distinct from those reported in most distylous groups (Barrett, 1979 (Barrett, , 1988 (Barrett, , 1992 Charlesworth, 1979) . For example, in the self-compatible, annual diploid Eichhornia paniculata (Spreng.) SolmsLaubach (Pontederiaceae) selfing phenotypes arise mainly through alteration to the position of short-level stamens in the mid-styled morph. This modification results in dramatic increases in the selfing rate of populations (Glover & Barrett, 1986 ; Barrett & Husband, 1990) . The most common altered phenotype observed in nature has a single 'short-level' stamen elongated to the same position as the mid-level stigma.
Although less frequent, plants with two or three stamens at the mid-level position also occur (Barrett, 1985; Richards & Barrett, 1992) . It seems unlikely that these various floral modifications result from recombination at the two diallelic gene loci (S and M) that govern the inheritance of tristyly (Lewis & Jones, 1992) . Rather, the stamen modifications that promote selfing are more likely to result from effects of modifier genes non-allelic to the genes at the tristyly loci. To investigate this problem further we initiated a study of the genetic basis of floral modifications governing the mating system of E. paniculata by the use of controlled crosses and the measurements of floral traits in glasshouse-grown progeny.
Three main issues were addressed in our study. (1) We were interested in determining whether the gene(s) modifying the short-level stamen position in the mid-styled morph of E. paniculata had any observable morphological effects on other floral traits. (2) We wanted to investigate the role of dominance in the expression of genes responsible for reproductive organ positioning. (3) Since predominant self-fertilization appears to have originated independently in different parts of the range of E. paniculata (Husband & Barrett, 1993) , crosses among genotypes exhibiting the selfing phenotype from six geographically separated populations were made to determine whether different genes were involved in altering stamen position in the midstyled morph.
Materials and methods
To investigate the genetic basis of short-level stamen modification in the mid-styled morph of E. paniculata (hereafter M modification), we used eight modified genotypes from six populations from different parts of the geographical range of the species. The populations from which genotypes were chosen exhibited different stages in the breakdown of tristyly, representing tnmorphic, dimorphic and monomorphic populations (Table 1) . Five genotypes were sampled from four populations (B2, B3, BlO, B58) from the southern range of the species in N.E. Brazil, two genotypes from a single population (B46) in the northern part of the Brazilian range and one genotype (Jil) was sampled from a single population from Jamaica (see Fig. 2 in Barrett a al., 1989 for a distribution map of E. paniculata). In addition, one unmodified mid-styled genotype (from population B46) was also used in crosses with modified plants. The phenotypes of modified and Preliminary crosses between modified and unmodified genotypes of the M morph of E. paniculata indicated that stamen modifications were under recessive gene control (S. C. H. Barrett, unpublished data). To confirm this result six modified genotypes from each of To investigate whether the genetic basis of stamen modification differed among populations, six modified M genotypes from the six different populations were crossed reciprocally in all pairwise combinations as well as selfed, giving a total of 21 full-sib families. In addition, in two populations (B46 and B48), crosses were made between modified genotypes to determine if different loci responsible for stamen modification exist within populations. Including the selfed pollinations, these crosses added four full-sib families to the experiment. In all crosses involving modified genotypes, elongated stamens were emasculated before hand (c) cross-pollination to prevent the automatic self-pollination of flowers.
In total, 1414 progeny representing 32 full-sib families were obtained from the above crosses and were grown to flowering in a single glasshouse during the summer of 1989. An attempt was made to sample between 40-80 progeny per family, and a single flower was measured on each plant. Data were pooled for all reciprocal crosses since no maternal effects were observed among the crosses. All flowers were sampled from the first or second inflorescence produced by each plant, and the flower used for measurement was chosen to be as representative of the genotype being measured as possible. In cases where some intraplant variation in stamen position was evident (see Seburn et a!., 1990; Barrett & Harder, 1992) , modified flowers were chosen for measurement so long as this condition predominated on the inflorescence.
To determine associations among floral characters, the following traits were measured on each flower in selected families segregating for filament elongation:
(1) stamen height from the base of the ovary for all six stamens, (2) free filament length for all six stamens, (3) point of attachment of free filament to perianth tube measured from the base of the ovary for all six stamens (1-2), (4) pistil length from the base of the ovary, (5) style length, (6) ovary length (4-5), (7) stigma-anther separation (4-1), (8) corolla width, and (9) nectar guide length. For a diagram illustrating these traits in the M morph of E. paniculata and discussion of their measurement, see Seburn et a!. (1990) . Since some of the genotypes chosen for the study were heterozygous (Mm) at the M locus governing the long-versus midstyled phenotype, some families contained progeny that were long-styled. Floral measurements were also undertaken on these plants.
Our method of determining whether the modification of the short-level stamens has a similar or different genetic basis across the range of E. paniculata was to examine the frequency of the modified mid-styled phenotype in F1 progeny of crosses between modified genotypes. Because preliminary evidence demonstrated that the modified condition is recessive to the unmodified state, we hypothesized that if the genetic basis for modification varied within or among populations then complementary gene action among recessives would give recovery of wild-type progeny. Different genetic control of short-level modification was determined by recovery of F1 offspring that differed significantly from either modified parent and which resembled the unmodified phenotype. Departure from the modified mid-styled phenotype in F1 crosses among modified mid-styled plants was determined by using Scheffé contrasts following one-way ANOVA. Measurements of perianth width and nectar guide length among self progeny of genotypes which appear to be segregating for filament length (B46-1M', B58-1M', B58-2M' and BlO-1M', n = 96 progeny), revealed little correlation (none > 0.25) with either of the two filament characters for both short-and long-level stamens. These patterns were also observed in analyses including progeny from all crosses.
Modifications of short-level stamens in E. paniculata are restricted to the M morph. Measurements of filament length of short-level stamens in L and M morphs segregating from self-pollinations of five heterozygous modified M plants indicated clear differences between the two floral phenotypes (Table 3 ). While plants of the M morph uniformly displayed modified stamens, the developmentally homologous stamens of the L morph were exclusively unmodified. The difference in stamen modification in the two morphs resulted in contrasting patterns of stigma-anther separation (Table 3) . Table 2b ). In the two exceptions the F1 progeny closely resembled their unmodified parent (Table 2b , Fig. 3 ).
Regional differentiation in genetic basis of stamen modification (crosses between populations from the northern and southern portion of the range of E. paniculata in N.E. Brazil), and (4) between Jamaica and Brazil. Crosses among modified genotypes within populations B46 and B58 resulted in progeny which resembled the self progeny of either parent with respect to filament length (Table 5) . Progeny derived from crossing modified mid-styled plants from within the southern region also resembled the self progeny of their parents, i.e. virtually all were modified (Table 6 , Fig. 4) . Crosses involving the modified M from population B 10 resulted in a segregation of modified and unmodified individuals and, consequently, a bimodal distribution of filament length (Fig. 4) . In contrast to these results, crosses among modified mid-styled plants between the two regions of N.E. Brazil resulted in the recovery of plants with uniformly unmodified filament lengths ( Fig.  5 and Table 6 , c.f. the first column of Table 6 (Fig. 6 , J )< B2-1M', skewness= -0.357, two S.E.s=0.612), and (4) a bimodal distribution of both modified and unmodified individuals involving the cross with population BlO (Fig. 6 ).
Discussion
The evolution of predominant self-fertilization in E. paniculata mainly involves the spread and fixation of self-pollinating variants of the mid-styled morph. The variants are characterized by modified short-level stamens, are scattered throughout the Brazilian range of the species, and also predominate on the island of Jamaica. The primary objective of our study was to investigate whether the genetic basis of stamen modification in these variants differed among populations from contrasting parts of the native range. This was achieved by crossing genotypes from two different regions of N.E. Brazil and from Jamaica.
While our inheritance studies only involved the use of first generation crosses, the results provided clear evidence that the genetic basis of stamen modification in the M morph differs between the regions sampled in Brazil. Crosses among modified genotypes from the southern portion of the N.E. Brazilian range resulted in offspring that were largely modified with respect to stamen position. This phenotype displays a high degree of autofertility under glasshouse conditions and exhibits a high selfing rate under field conditions (e.g. Glover & Barrett, 1986; Barrett et al., 1989; Barrett & Husband, 1990) . In contrast, crosses between genotypes from southern populations and a modified genotype from the northern part of the Brazilian range resulted in unmodified mid-styled plants. To our knowledge this is the first report of the artificial synthesis of an 'outcrossing phenotype' from a cross between two 'selfing' phenotypes. This probably occurred The finding that different genetic factors modify short-level stamens in the mid-styled morph of E. paniculata is consistent with the hypothesis that self-fertilization may have originated independently in different parts of the Brazilian range of the species. Population studies of isozyme variation, the distribution of style morphs and the morphological characteristics of selfing variants by Husband and Barrett (1993) Elsewhere it has been proposed that frequent bottlenecks and periods of small population size can readily destabilize the tristylous polymorphism in E. paniculata initiating conditions that favour the spread of selfpollinating variants (Barrett et al., 1989) . The relatively minor phenotypic changes required to bring about selfpollination in E. paniculata, and the possibility that such changes are under the control of a small number of recessive genes, may mean that selfing is considerably easier to achieve than in many non-heterostylous Barrett & Shore (1987) documented three separate origins for the breakdown of distyly to homostyly in Turnera ulmifolia at different margins of the neotropical range of the species. Unlike E. paniculata, however, selfing in this species has arisen by recombination in the supergene governing the distylous polymorphism (Shore & Barrett, 1985) , rather than by the action of recessive modifier genes.
Our study focused on self-pollinating variants of the M morph with modified short-level stamens. This is because these variants are the most common selfing phenotype found in natural populations of E. paniculata occurring in many dimorphic and monomorphic populations of the species (Husband & Barrett, 1993) . However, the facility to evolve a selfing phenotype is not restricted to the M morph. A single isolated population of E. panicutata composed exclusively of selfpollinating variants of the L morph has been reported from Nicaragua (Barrett, 1988) . Plants in this population have very small flowers and mid-level stamens adjacent to stigmas of L styles. Crosses between these phenotypes and unmodified L and M plants confirm Barrett, unpublished data). Whereas floral modifications governing selfing in the M morph largely involve discrete phenotypic changes in stamen length, suggesting a small number of major genes, in the modified L morph from Nicaragua floral variation is continuous, indicating that mating-system modification is more likely to be polygenically controlled. The occurrence of these different floral variants provides further evidence for multiple origins of self-fertilization in E. paniculata and also suggests that different genetic factors are involved with floral modification.
In our study, plants of the L morph segregating from controlled pollinations of selfing M variants heterozygous at the M locus (Mm) displayed no floral modifications to their short-level stamens (Table 3) to the morph and not to whether stamens were long, mid or short in position. We did not observe any correlated changes between stamen modification in the M morph and other floral characters including the pistil, perianth and remaining stamens of both the short and long-level anther levels. This finding is consistent with a multivariate study of floral variation in self-pollinating variants of the M morph by Seburn et at. (1990) . These authors also found no correlated changes in floral traits associated with short-level stamen modification. These observations suggest a high degree of specificity of gene action affecting organ development and do not provide strong support for the suggestion that major shifts in plant morphology are inevitably associated with negative pleiotropic consequences to fitness (see Coyne & Lande, 1985 ; but see also Gottlieb, 1984, and Orr & Coyne, 1992) . Presumably, the absence of correlated effects associated with stamen modification reflects the fact that filament elongation of the modified stamen occurs late in development, only being manifest within 24 h prior to anthesis (see Fig. 41 in Richards & Barrett, 1992) .. However, it should be noted that the assessment of the direct and indirect fitness effects of novel floral morphologies, particularly in animal-pollinated plants, should be quantified under field conditions.
Since there are no apparent changes to floral morphology associated with stamen elongation in the M morph it seems unlikely that when the variant phenotype initially arises in populations it would be discriminated against by pollinators. However, modified stamens are likely to have profound effects on the mating system of populations. Since long-level anthers are unaffected by short-level stamen elongation in the M morph, their ability to transfer pollen to stigmas of long-styled plants is unlikely to be compromised.
Hence, in dimorphic populations pollen discounting (Holsinger et at., 1984) , or the reduction in male fertility associated with selfing (Fisher, 1941) , is probably not associated with filament length elongation in the M morph. Indeed, experimental studies using genetic markers and the manipulation of population morph structure in E. paniculata indicate that in the absence of the S morph, self-pollinating M variants experience a male transmission advantage over unmodified M plants as a result of their higher outcross pollen success (Kohn & Barrett, 1994 ). This appears to arise because the close proximity of mid-level stigmas and elongated short-level anthers improve pollen export to both modified and unmodified M plants, since pollen is placed on a location of the pollinator which increases its transfer efficiency. The influence of changes in anther position on pollen transfer efficiency and male reproductive success in animal-pollinated plants is discussed more fully by Campbell(1989) and Harder and Barrett (1993) .
The uniform expression of dominance in the unmodified M plants over elongation of filament length in self-pollinating variants indicates that the evolution of se]f-fertilization in E. paniculala results, in part, from the selective fixation of recessive alleles modifying filament length. The introduction of a selectively advantageous recessive allele into a large population has been shown to have a high probability of extinction (i.e. 'Haldane's Sieve', Haldane, 1924 , 1927 Turner, 1981) . However, the increased selfing associated with filament length elongation enhances the probability of the spread and fixation of favourable recessive alleles, since loci which increase selfing will favour recovery of homozygotes for the recessive alleles (Charlesworth, 1992) . This process is likely to be further augmented in E. paniculata because of the species' colonizing lifehistory. Periodic population bottlenecks and small effective population sizes give rise to biparental inbreeding in many populations (Barrett & Husband, 1990; Husband & Barrett, 1992) . This provides further opportunities for the exposure and selection of favourable recessive alleles made homozygous through inbreeding.
Spread of the recessive modifier genes in populations of E. paniculata could potentially generate inbreeding depression due to increased rates of selffertilization. Two factors, however, may help to counteract the reduced vigour of progeny following selfing and hence promote the spread of genes modifying rates of self-fertilization. First, modifier genes which increase the selfing rate are likely to be favoured during periods of low density or following episodes of colonization because they result in reproductive assurance (Baker, 1955) . Second, experimental studies of E. paniculata populations containing modified variants indicate that inbreeding depression is either very weak or absent (Toppings, 1989; Barrett and Charlesworth, 1991) . Population bottlenecks in this annual colonizing species of ephemeral aquatic habitats may purge populations of sufficient amounts of genetic load to favour the spread of recessive modifiers that increase selfing rates (Lande & Schemske, 1985; Barrett et a!., 1989) . The alternative possibility that a reduction in genetic load may have followed the spread of the modifier genes cannot, however, be ruled out.
Although our data must be considered preliminary, Barrett, unpublished data). These observations suggest that stamen modification in the M morph involves several recessive genes but that genetic background effects govern their expression, particularly in interpopulation crosses. For example, when J1 1-1M' was crossed to the northern Brazilian genotype B46-1M', mostly unmodified individuals were recovered but with a long right tail of modified individuals (Fig. 6) . In contrast, a long left tail of unmodified individuals was observed in crosses between Jil-1M' and modified individuals from the southern populations B58 and B3.
The cross between J11-1M' and B3-1M' was particularly informative since B3-1M' bred true when selfed. These skewed distributions suggest that genes affecting filament length elongation are expressed differently depending on the particular genetic background they are in. In addition, the contrasting distributions obtained for northern and southern populations from N.E. Brazil, when crossed to the Jamaican genotype, are consistent with the interpretation that different recessive modifiers are responsible for stamen modification in the two regions.
The role of modifiers and background effects in the expression of traits has often been documented in association with dominance, e.g. the genetic basis of the mimicry complex in the African swallow tail butterfly Papilio dardanus (Clarke & Sheppard, 1960; Clarke et a!., 1968) or of flower colour variants in Gossypium hirsutum and G. barbadense (Harland, 1936) . In these instances discrete phenotypes often break down into a series of continuous character states when crosses are made between races or species fixed for different modifier alleles. Stamen modification in the M morph of E. paniculata may have an analogous genetic basis in that consistent expression of loci responsible for filament length elongation is influenced by genetic background. The presence of genetic background effects, or epistasis (sensu Wright, 1931) , has been inferred by the loss of a response to selection when crossing selected lines. In natural populations multiple peak epistasis has been demonstrated in crosses between different populations of the blind cave fish Anuptichthys antrobius resulting in F1 progeny with larger retina size (Wilkens, 1971 ) and by the breakdown of pesticide resistance (King, 1955; McKenzie et al., 1982) . Other examples are reviewed in Cohan(1984) .
The evolutionary breakdown of tristyly in E. paniculata is initiated by the spread of recessive modifier allele(s) causing elongation of a single short-level stamen in the M morph. Our data indicate that the gene(s) have little influence on other aspects of floral morphology. Further accumulation of modifier loci, however, gives rise to small-flowered highly selfing populations which undoubtedly differ from outcrossing populations at a large number of loci. Reduction of flower size, loss of nectar guides and the elongation of all three lower-level anthers in certain highly autogamous populations from Jamaica suggest that at least some of the populations in this region have experienced a longer period of selection for predominant self-fertilization. The importance of these evolutionary changes to floral morphology are that major shifts in the mating system are apparently precipitated by relatively minor alterations to the position of a single stamen.
